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A B S T R A C T 

We introduce a new model for understanding AGN continuum variability. We start from a Shakura–Sunyaev thin accretion 

disc with a steady-state radial temperature profile T ( R ) and assume that the variable flux is due to axisymmetric temperature 
perturbations δT ( R , t ). After linearizing the equations, we fit UV–optical AGN light curves to determine δT ( R , t ) for a sample 
of seven AGNs. We see a diversity of | δT / T | ∼ 0.1 fluctuation patterns which are not dominated by outgoing waves travelling at 
the speed of light as expected for the ‘lamppost’ model used to interpret disc reverberation mapping studies. Rather, the most 
common pattern resembles slow ( v � c ) ingoing waves. An explanation for our findings is that these ingoing waves trigger 
central temperature fluctuations that act as a lamppost, producing lower amplitude temperature fluctuations moving outwards 
at the speed of light. The light curves are dominated by the lamppost signal – even though the temperature fluctuations are 
dominated by other structures with similar variability time-scales – because the discs exponentially smooth the contributions 
from the slower moving ( v � c ) fluctuations to the observed light curves. This leads to light curves that closely resemble the 
expectations for a lamppost model but with the slow variability time-scales of the ingoing waves. This also implies that longer 
time-scale variability signals will increasingly diverge from lamppost models because the smoothing of slower moving waves 
steadily decreases as their period or spatial wavelength increases. 

Key words: accretion, accretion discs – methods: data analysis – galaxies: active. 
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 INTRODUCTION  

he stochastic continuum variability of active galactic nuclei (AGNs)
as been studied for decades (e.g. Oknyanskij 1978 ; Perola et al.
982 ; Cristiani et al. 1997 ; Ulrich, Maraschi & Urry 1997 ; Giveon
t al. 1999 ; Geha et al. 2003 ). Quantitativ ely, the y can be reasonably
ell described as modest-amplitude damped random walks (Kelly,
echtold & Siemiginowska 2009 ; Kozłowski et al. 2010 ; MacLeod
t al. 2010 , 2012 ; Zu et al. 2013 ), although this description is not
xact (e.g. K elly, Sobole wska & Siemigino wska 2011 ; Mushotzky
t al. 2011 ; Zu et al. 2013 ). 

Fundamentally, the flux variability should be driven by tempera-
ure fluctuations in the accretion disc surrounding the supermassive
lack hole (SMBH). Because shorter wavelengths are generally
bserved to vary first with lags between wavelengths typical of the
ight traveltime across a disc (e.g. Sergeev et al. 2005 ; Cackett,
orne & Winkler 2007 ), the ‘lamppost model’ is in common use.

n this model, fluctuations in the luminosity of the central region
lluminate the outer regions and drive temperature fluctuations in the
isc which in turn drive the variability. This assumption is often used
or ‘disc reverberation mapping’ where the interband lags are used
o constrain the temperature profile of the disc (e.g. Shappee et al.
014 ; Fausnaugh et al. 2016 ; Edelson et al. 2017 ; Vincentelli et al.
021 ), similar to broad line re gion (BLR) rev erberation mapping
RM) between the continuum and the emission lines on longer time-
cales (Blandford & McKee 1982 ; Peterson 1993 ). 
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Frequently, the central source is ascribed to X-ray emission
Nayakshin, Kazanas & Kallman 2000 ; Frank, King & Raine 2002 ).
o we ver, there are cases where the X-rays vary after the UV/optical
r show uncorrelated structures that call this assumption into question
e.g. Berkley, Kazanas & Ozik 2000 ; Kazanas & Nayakshin 2001 ;
exter et al. 2019 ; Edelson et al. 2019 ). In most studies of disc RM,

he model is generally only invoked to justify the lag interpretation
ather than as a detailed physical model. 

There have been studies that argue against the lamppost model. For
 xample, De xter & Agol ( 2011 ) argue that disc variability is largely
ue to inhomogeneous temperature fluctuations. Others argue for
ntrinsic thermal fluctuations in the disc as the origin of the variability,
ased on the fact that the observed variability time-scales are typical
f the thermal time-scales at the disc radii producing the observed
ux (e.g. Kelly et al. 2009 ; Burke et al. 2021 ). These long time-scales
re a significant problem for the lamppost model, as they are much
onger than any characteristic time-scale associated with the very
nner regions of the disc. 

Here, we attempt to resolve this discrepancy between the expected
isc-dri ven v ariability and the observed lamppost-like signals. We
evelop a model that tracks the temperature fluctuations o v er time as a
unction of disc radius by modelling AGN light curves obtained o v er
 broad range of wavelengths. Because the temperature of the disc
hanges with radius, the different filters of the light curves correspond
o different radii. In the thin disc model, temperature decreases with
ncreasing radii, and so decreasing the ef fecti v e wav elength of a filter
orresponds to probing smaller radii. 

This model can serve as a test of the lamppost model. If the
amppost model is the source of all flux variations in the disc,
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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t follows that any temperature fluctuations should move radially 
utward at the speed of light. Slower or inward moving waves would
e evidence for other coherent sources of variability, and incoherent 
atterns would be evidence for a model like Dexter & Agol ( 2011 ).
 limitation of our model is that we must assume axisymmetry to
ake it mathematically tractable. Tightly wound spiral waves will 

e well approximated by axisymmetry, but the completely stochastic 
nd inhomogeneous model of Dexter & Agol ( 2011 ) will not be. We
ust also include some smoothing parameters, and we will explore 

heir effects in detail. 
In Section 2 , we discuss how we build the model, and in Section 3 ,

e sho w ho w the model works with a range of test problems. In
ection 4 , we apply the model to NGC 5548 considering a broad
ange of parameter choices, and in Section 5 , we apply the model
o other AGNs using a more limited range of model parameters. In
ection 6 , we discuss our conclusions, interpretations, and consider 
ow a lamppost signal can dominate the light curves while not being
he dominant source of temperature fluctuations. 

 METHODS  

ere, we introduce the main equations that go v ern our model, going
rom the steady-state radial temperature profile T ( R ) to temperature
uctuations o v er time and radius δT ( R , t ), including additional factors
ue to light trav eltime. Ne xt, we will discuss the linear inversion
rocess that allows us to construct δT ( R , t ) from the light curves. We
ill then discuss how the physical parameters of the AGNs change 

he range of disc radii probed by our model. Finally, we discuss
he AGN light curves that we will examine with our model. We do
ot include any relativistic effects (beaming, gravitational redshifts, 
oppler shifts, raybending, etc.) as these effects are generally weak 

or the radii producing the observed data. 

.1 Equations 

he accretion discs of AGNs are often modelled using the Shakura–
unyaev thin disc model (Shakura & Sunyaev 1973 ), with a radial

emperature dependence of T ∝ R 
−3/4 , yielding a UV/optical SED

ith flux F ν ∝ ν1/3 (alternatively, F λ ∝ λ−7/3 ). Using a different 
teady-state temperature profile would only shift the location and 
cale of temperature fluctuations rather than change their o v erall 
tructure. For the unperturbed disc we use this thin disc model with
n inner radius 

 in = αR g = 

αGM BH 

c 2 
, (1) 

here R g is the gravitational radius. We will assume α = 6, the
nnermost stable orbit of a Schwarzschild BH. The steady-state 
emperature profile of a thin disc as function of the dimensionless
adial variable u = R / R in is 

 0 ( u ) = T in u 
−3 / 4 

(
1 − u 

−1 / 2 
)1 / 4 

, (2) 

here 

 in = 

(
3 GM BH Ṁ 

8 πσR 
3 
in 

)1 / 4 

= 1 . 54 × 10 5 K 

(
L 

L Edd 

)1 / 4 (10 9 M �
M BH 

)1 / 4 ( 6 

α

)3 / 4 

(3) 

nd 

˙
 = 

L Edd 

ηc 2 

(
L 

L Edd 

)
, (4) 
here L Edd is the Eddington luminosity. We will assume an accretion
fficiency η = 0.1 and define λEdd = L / L Edd . 

The flux of the accretion disc at wavelength λ is 

 λ = 

2 πR 
2 
in cos i 

D 
2 

∫ ∞ 

1 
u d u B λ( T 0 ( u )) , (5) 

here D is the distance, i is in the inclination of the disc to our line
f sight, and B λ is the Planck function. This can be rewritten as 

 λ = F λ, 0 ( λ) 
∫ ∞ 

1 

u d u 

e x − 1 
, (6) 

here 

 λ, 0 ( λ) = 

4 πhc 2 cos iR 
2 
in 

λ5 D 
2 

(7) 

nd 

 = 

hc 

λk B T 0 ( u ) 
. (8) 

ssuming linear perturbations in the temperature δT ( u , t ), the change
n flux is 

F ( t) = F λ, 0 ( λ) 
∫ 

u d u 

( e x − 1) 2 
xe x 

T 0 ( u ) 
δT ( u, t) . (9) 

f we grid the disc in radius u k and time t l then the change in flux for
avelengths λj can be discretized into matrix W as 

F ( λj , t l ) = W ( λj , u k ) δT ( u k , t l ) , (10) 

here the matrix elements are e v aluated as radial integrals across
ach bin. 

Because of the size and inclination of the accretion disc, we must
onsider time delays due to light traveltime between different parts 
f the disc. Flux changes emitted from any radius at the same time in
he SMBH reference frame will be smeared o v er a range of observed
imes. The effect of this is that flux changes at radius u emitted at
odel parameter time t p have weighted contributions to a range of

bserved data times t d ( t p for parameter time, t d for data time) of the
orm f ( u , t p , t d ). This modifies equation ( 10 ) to 

F ( λj , t d ) = 

[ 
W ( λj , u k ) · f ( u k , t p , t d ) 

] 
δT ( u k , t p ) . (11) 

he characteristic time-scale of the smearing is the light traveltime 
orrected for inclination 

 0 = 

R 

c 
sin i = 

uR in 

c 
sin i . (12) 

f we define the functions 

 1 ( t α, t β ) = 

1 

π
t 

√ (
t 2 0 − t 2 β

)2 − (
t 2 0 − t 2 α

)2 
and 

 2 ( t α, t β ) = 

1 

π

[
arcsin 

(
t β

t 0 

)
− arcsin 

(
t α

t 0 

)]
, (13) 

hen 

 ( u, t p , t d ) = G 1 ( t 1 , t 2 ) + 

t d − ( t p − 
t) 


t 
G 2 ( t 1 , t 2 ) 

+ G 1 ( t 3 , t 4 ) + 

( t p + 
t) − t d 


t 
G 2 ( t 3 , t 4 ) , (14) 

here 

 1 = max { t p − 
t − t d , −t 0 } , 
 2 = min { t p − t d , + t 0 } , 
 3 = max { t p − t d , −t 0 } , 
 4 = min { t p + 
t − t d , + t 0 } , (15) 
MNRAS 513, 1046–1062 (2022) 
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nd 
 t is the grid spacing in time. If we absorb f into W , we can write
ut our final expression as 

F ( λj , t d ) = W ( λj , u k , t p , t d ) δT ( u k , t p ) . (16) 

ote that there is no net lag as in the lamppost model. Our model
oes not assume a particular physical mechanism that is driving the
emperature fluctuations and creating the radius-dependent lag in RM

odels. Evidence for the lamppost model would be wav es mo ving
adially outward in δT ( R , t ) with velocity equal to the speed of light.

.2 The linear algebra of modelling the data 

n equation ( 16 ), δF is a vector with length equal to the number of
ata points in our light curves, and δT is a vector with length equal
o the product of the dimensions of our temperature fluctuation map
n radius u and time t p . The t p -array goes from the minimum and
aximum dates of the array of observed times t d with constant grid

pacing 
 t . One aspect of our model we will explore later in the paper
s the dependence of the results on the time resolution determined
y the dimension N t of our time grid. The u -array goes from u = 1
o u = 1000 with equal logarithmic spacing. The integrals that make
p W are e v aluated as trapezoidal sums. To fit the light curves, we
inimize the χ2 statistic 

2 = 

(
δF − W δT 

σ

)T 

·
(

δF − W δT 

σ

)
, (17) 

here σ are the measured errors of δF . It is convenient to work in
erms of the modified arrays δF σ = δF / σ and W σ = W / σ such that 

2 = ( δF σ − W σ δT ) T · ( δF σ − W σ δT ) . (18) 

While we are mapping two dimensions ( λ, t d ) into two dimensions
 u , t p ), this class of inversion problem generally leads to matrices
hose inverses are undefined or ill-conditioned. We address this
y using linear regularization to stabilize the inversion and drive the
olution to smoother temperature fluctuations. Instead of minimizing
2 alone, we minimize it along with additional terms that minimize

he scale of the temperature fluctuations as well as the differences
n the temperature fluctuations of adjacent radius and time bins. We
efine the first smoothing term as 

 0 = ξ0 

(
δT 

T 

)T 

I 
δT 

T 
∼ ξ0 

(
δT 

T 

)2 

, (19) 

here I is the identity matrix and ξ 0 sets the strength of the smooth-
ng. This acts to minimize the amplitude of fractional temperature
uctuations. Next, we also introduce smoothing along the model
adial ( k ) and time ( l ) dimensions as 

 k = ξk 

(
δT 

T 

)T 

D k 

δT 

T 
∼ ξk 

( δT ( u k+ 1 ) − δT ( u k )) 2 

T ( u k+ 1 ) T ( u k ) 
and 

H l = ξl 

(
δT 

T 

)T 

D l 

δT 

T 
∼ ξl 

(
δT ( t l+ 1 ) − δT ( t l ) 

T 

)2 

, (20) 

here D k and D l are the first difference matrices for the model radial
nd time dimensions, respectiv ely. F or the radial smoothing H k , the
ractional temperature fluctuation is calculated with respect to the
eometric mean of the adjacent radius bins, hence the two different
emperatures [ T ( u k ) and T ( u k + 1 )] in the equation. It is convenient to
ork in terms of modified matrices I T = I / T 2 , D kT = D k / T 2 , and D lT =
 l / T 2 such that 

 0 = ξk ( δT ) 
T I T δT , 

 k = ξk ( δT ) 
T D kT δT , and 

H l = ξl ( δT ) 
T D lT δT . (21) 
NRAS 513, 1046–1062 (2022) 
e can now define the total linearization term 

 = H 0 + H k + H l . (22) 

e find that there are no interesting effects in scaling the three ξ ’s
eparately, so we scale each smoothing matrix by the same ξ = ξ 0 =
k = ξ l . If we minimize χ2 + H with respect to δT , we find that 

T = 

[ 
W 

T 
σ W σ + ξ ( I T + D kT + D lT ) 

] −1 
W 

T 
σ δF σ . (23) 

The effects of changing ξ will be one of our primary considera-
ions. Too much smoothing (high ξ ), and the χ2 is poor. Too little
low ξ ), and δT will show small-scale structures with unphysically
arge δT / T . The standard approach is to choose ξ such that the χ2 per
ata point χ2 / N d ∼ 1. 
The light curves are in terms of the absolute flux F rather than

F , and the mean flux of the light curve can differ from the model
ither because of contamination in the data (e.g. flux from the host
alaxy) or problems with the steady-state disc model (e.g. wrong η
r λEdd , or problems with the Shakura–Sunyaev model). We are only
nterested in the patterns in δT and not the mean or absolute fluxes,
o we include an extra parameter for each light curve to remo v e an y
ean offsets between the data and the model. 

.3 Filter kernels 

ecause we have many filters in our light-curve data, we must con-
ider what range of radii (with different temperatures) will contribute
o the flux in a given filter. In Fig. 1 , we show the normalized flux
ontribution to each filter derived from equation ( 9 ) as a function of
adius for the AGNs we will model. In Table 1 , we list the physical
arameters of the AGN. Because there are differing M BH and λEdd 

alues used to define the steady-state temperature of the discs, the
f fecti ve contribution of the radii to a given filter depends on the
bject. F or e xample, NGC 4151 and NGC 4593 were observed with
he same filters, but the radii probed by the filters are very different
ecause of the differing physical parameters. Note that the filters
ust have significantly different wavelengths or else the signals will

e strongly correlated since they probe similar radii in the disc. 
The wavelengths λ that we will use are the ef fecti ve central

avelengths of the filters for the light curves. Including the finite
idths of the filters would make the kernels in Fig. 1 slightly wider,
ut it would be a very small effect compared to the intrinsic width
aused by the temperature profile of the disc and the structure of
he blackbody kernel (equation 9 ). Furthermore, because these filter
ernels are so wide, the dimension N u of our model grid in u -space
s not a critical parameter, and so we used N u = 50. For NGC 4151,

rk 509, and Fairall 9, a smaller range of u values were probed by
he filters (see Fig. 1 ), but rather than change the resolution of our
 -space array, we trim off the parts of the grid with u > 400. 

.4 The AGNs and their data 

able 1 lists the systems we will model along with their redshifts z,
uminosity distances D L , SMBH masses M BH , and Eddington ratios
Edd . 
We carry out the most e xtensiv e analysis on the data for NGC 5548

rom the AGN Space Telescope and Optical Reverberation Mapping
AGN STORM; De Rosa et al. 2015 ; Edelson et al. 2015 ; Fausnaugh
t al. 2016 ; Starkey et al. 2017 ). These data consist of photometry
sing the Hubble Space Telescope ( HST ), Neil Gehrels Swift
bservatory ( Swift ; Gehrels et al. 2004 ; Roming et al. 2005 ), and
arious ground-based observatories. The effective wavelengths
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Figure 1. Kernel contributions to various filters as a function of disc radius 
for our sample of AGNs. Each kernel is normalized to be unity at peak. 
Regions in u -space that are greyed out were not included in the analysis of a 
given AGN: for example, we only consider u = 1 to u = 1000 for NGC 5548 
and u = 20 to u = 20 000 for Mrk 142. The kernels created by the blackbody 
(equation 9 ) are so broad that there is no need to include the finite width of 
the filter. 

Table 1. Physical parameters for the AGNs in our analysis. 

AGN z D L log M BH λEdd Refs 
(Mpc) (M �) 

NGC 5548 0.017 75 7.505 0.1 1 
Fairall 9 0.047 210 8.406 0.02 2, 3 
Mrk 142 0.045 202 6.230 25 4, 5 
Mrk 110 0.004 150 7.398 0.4 6 
NGC 4151 0.003 19.1 7.602 0.01 7 
NGC 4593 0.008 36 6.880 0.08 7 
Mrk 509 0.034 151 8.050 0.05 7 

Notes . See Section 2.4 for details on certain parameters. References: (1) 
Starkey et al. ( 2017 ), (2) Vasude v an & Fabian ( 2009 ), (3) Hern ́andez 
Santisteban et al. ( 2020 ), (4) Cackett et al. ( 2020 ), (5) Li et al. ( 2018 ), (6) 
Vincentelli et al. ( 2021 ), and (7) Edelson et al. ( 2019 ). 
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tretch from 1158 to 8897 Å. We also analyse Fairall 9 (Hern ́andez
antisteban et al. 2020 ), Mrk 142 (Cackett et al. 2020 ), Mrk 110
Vincentelli et al. 2021 ), NGC 4151 (Edelson et al. 2017 , 2019 ),
GC 4593 (Edelson et al. 2019 ), and Mrk 509 (Edelson et al. 2019 ).
he light curves of half of these AGNs (NGC 4151, NGC 4593, and
rk 509) used only Swift , but the other half (Fairall 9, Mrk 142,

nd Mrk 110) were supplemented with ground-based observations 
n various filters (see Fig. 1 ). 

Sometimes we found that the reported errors for these data were
oo small. We tried to correct for this using a ‘triplet test’, where we
t three adjacent points in a light curve in a given filter λj with a

ine. The χ2 for each set of three points should be 1 if the errors are
easonable, so we calculated the offset σ ( λj , t d ) that when added to
he errors in quadrature made χ2 = 1. If this offset was ne gativ e, we
et it to 0, as we did not want to decrease the errors. We then computed
he mean σ ( λj ) and added this as a systematic increase to the errors
n a given filter. For many objects/filters, this correction was small. 

In Table 1 , we provide the references for D L , M BH , and λEdd . Most
f these values are consistent with those used in the light-curve data
apers, but some values had to be taken from other sources. For
airall 9, λEdd = 0.02 is based on measurements by Vasude v an &
abian ( 2009 ), who derived the value from the X-ray SED of the
ource. For Mrk 142, we use the ṁ = λEdd /η = 250 from Li et al.
 2018 ). Since our equation ( 3 ) assumes η = 0.1, we use λEdd = 25.

hen not provided in the papers listed in Table 1 , D L values were cal-
ulated using the redshifts and assuming conventional cosmological 
arameters (flat universe, h = 0.696, and 
m = 0.286; Wright 2006 ).
The δF , λj , and t d values used in our equations are redshift-

orrected before we fit the data. Ho we ver, when we plot the model
emperature fluctuation patterns, the times are presented in observed 
i.e. dilated) times, not host-rest-frame times, so that they can be
asily compared to the light curves. 

Increasing the inclination i has two effects on the model: decreas-
ng the observed flux relative to the luminosity (see equation 6 ) and
ncreasing the differential light traveltime (see equation 12 ). Since 
e are only concerned about fractional changes, the first effect has no

mpact on the model. The second effect is usually only important for
arge u values, as even at i = 90 ◦ the light traveltime is very small for
 < 100 in most of our systems. We choose an arbitrary i = 30 ◦ for all
f our models, since we found no noticeable effects from varying it.

 TESTING  OUR  MODEL  

he next step is to illustrate that the model works on test problems.
n this section, we test two δT patterns: outgo , where the temperature
uctuations mo v e out from the centre of the disc at 0.1 c , and
MNRAS 513, 1046–1062 (2022) 

art/stac888_f1.eps


1050 J. M. M. Neustadt and C. S. Kochanek 

M

Figure 2. Input and reconstructed temperature maps for the outgo (fast outgoing) test pattern with N t = 100 and ξ = 1, 10, 100, 1000. Each inv ersion giv es the 
χ2 per data point and the scale of | δT / T | for the colourbars. The colour scale is set as the 99th percentile of the range of | δT / T | values. A lamppost signal will 
look like these outgo reconstructions but with patterns nearly vertical because a lamppost signal mo v es at c . The vertical/temporal structure near 6700 d, which 
is more prominent in Fig. 3 , is due to the ‘sudden’ addition of the HST and Swift data. 

Figure 3. Input and reconstructed temperature maps for the ingo (slow ingoing) test pattern with N t = 100 and ξ = 1, 10, 100, 1000. 
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ngo , where the temperature fluctuations mo v e inward at some
rbitrary speed that decreases as it mo v es inward. The patterns are
epeated in time with a period of 20 d that is similar to the typical
ariability time-scales of the light curves. The outgo pattern is meant
o mimic the lamppost model, albeit slo wed do wn to accentuate
he time-lag at larger radii. The ingo pattern is set up such that
 ∝ u and v ∼ 0.025 c at u = 100. A key difference between
he outgo and ingo patterns – in addition to the difference in their
ropagation speeds – is that the former produces light curves with
lue variability leading red, as generally observed in RM studies,
hereas the latter has red variability leading blue. For physical
arameters, filters, and observed times, we use those of NGC 5548. In
ppendix A , we show tests for two additional temperature fluctuation
atterns. 
For each test pattern, we generate the temperature fluctuations

nd set the maximum and minimum values of the fluctuations to be
0 per cent of the disc temperature at the respective radius. We then
dd those temperature fluctuations to the disc temperature profile,
nd directly calculate the light curves with these fluctuations using
quation ( 6 ) with T = T 0 + δT ( R , t ). By generating the light curves
ith the non-linear dependence on δT of equation ( 6 ), we can e v aluate

he effects of reconstructing them using the linearized equations. The
ime-delay effects are also included in this integration. The errors of
hese synthetic fluxes are chosen such that the ratios of the errors
o the RMS flux variations are the same for the test data as for the
ean errors of the real data for NGC 5548. We also add a Gaussian

ealization of this noise level to each synthetic data point. We then
econstruct δT using the linearized equations as a function of the
moothing parameter ξ . The input and reconstructed temperature
aps for the outgo and ingo patterns are shown in Figs 2 and 3 ,

espectively. As can be seen, we are able to accurately reconstruct the
NRAS 513, 1046–1062 (2022) 
nput temperature fluctuations despite linearizing the reconstruction
nd the presence of noise. For the outgo pattern, we also show the
ynthetic and reconstructed light curves in Fig. 4 using ξ = 10,
nd we can see that our model accurately reconstructs the synthetic
ight curves. One can see that the light curves in each filter resemble
ach other, but with a blue-leading-red lag of a few days, similar the
amppost signal observed in real AGN light curves. 

Looking closer at Figs 2 and 3 , we note that the goodness of fit
mpro v es with less smoothing, but the temperature fluctuations have
igher amplitude and more structure than the input fluctuations. For
xample, the peak amplitudes of the ξ = 1 case in Figs 2 and 3
re larger than the input fluctuations by a factor of 2 or more. This
s the standard issue for these types of inversion problems. The
etter the fit to the data, the amplitudes of the inverted temperature
ncrease and the physical scales decrease. The linear inversions
losely match the non-linear inputs provided we use the smoothing
o keep the fractional amplitude below 10 and 20 per cent. As the
ractional amplitude increases, the linear and non-linear light curves
enerated by the fluctuations diverge. If they become too large, the
inearized model can even produce unph ysical neg ative temperatures
nd fluxes. This also means that our linearized model is not suitable
or modelling changing look (e.g. Dexter et al. 2019 ) or hypervariable
Rumbaugh et al. 2018 ) AGNs, where the flux variations are
arge. 

 NGC  5548  

e study NGC 5548 first and in more detail to illustrate the
ependence of the results on various model choices like array
imensions and smoothing. As discussed earlier, we used N u = 50
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Figure 4. Input (black) and model (red) light curves for the outgo (fast outgoing) test pattern with N t = 100 and ξ = 10. The light curves are normalized so 
that the minimum and maximum observed flux values are –1 and + 1, respectively. 
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or all of our solutions because the large width of the filter kernels
see Fig. 1 ) means that changes in the radial griding have little
ffect. 

We explored but do not show the effects of changing inclination 
 and Eddington ratio λEdd . As we discussed earlier, the former has
ittle effect on the solutions, so we assume an arbitrary i = 30 ◦.

e assume λEdd = 0.1, but Vasude v an & Fabian ( 2009 ) measure
Edd = 0.0236, and other papers use different other λEdd (e.g. 
Edd = 0.05, Edelson et al. 2019 ). Changing λEdd changes the 
adii probed by the filters, but the structures and patterns seen in
he fluctuations do not change significantly. Since we are mostly 
nterested in these patterns and not in their precise physical locations, 
e do not vary λEdd in our solutions and fix it to λEdd = 0.1.

nstead, the primary variables affecting the results are the smoothing 
arameter ξ and the time resolution set by the number of temporal 
ones N t . The primary issue for N t is that it sets the o v erall matrix
ize, ultimately leading to issues with e x ecution time and memory 
equirements. 

In Fig. 5 , we show the temperature models constructed using N t 

anging from 50 to 500 and ξ ranging from 1 to 1000. In each panel
f Fig. 5 , the maps have more radial structure and definition for dates
etween 6700 and 6850 d. This corresponds to the range of dates
here HST and Swift data were av ailable. Else where, only ground-
ased data were available, and thus the model has less information 
nd hence a less well-defined inversion. 

In Fig. 6 , we show the observed light curves and the model
ight curves for N t = 250 and ξ = 1 and ξ = 1000. While
here is an increasing χ2 for higher ξ , the differences between the 
econstructed light curves of various smoothings are very subtle. The 
wo smoothings shown in Fig. 6 have a difference in χ2 / N d of 0.59,
et the only obviously visible differences between the light curves 
re where the ξ = 1 light curve is better at replicating some early-
ime features in the Bessel B , V , and R filters. As such, for other
GNs, we only show the reconstructed light curves for ξ = 10. 
One particular feature is that both of the reconstructed light curves
ail to accurately reproduce the brightest and faintest parts of the
wift U (3494 Å) and SDSS u (3590 Å) light curves, with larger
iscrepancies than for any other filter. This is most likely due to
ontamination from emission lines, namely the Balmer jump around 
645 Å (Korista & Goad 2001 ; Lawther et al. 2018 ). In disc RM
ag measurements, these filters also show anomalous lags, which are 
ttributed to the same emission line contamination (e.g. Fausnaugh 
t al. 2016 ; Edelson et al. 2019 ). Removing these filters would
mpro v e our fits, but it would also create a gap in the radii probed
y the model (see Fig. 1 ). Keeping them does not seem to drive any
nomalous features in the reconstruction. 

As shown by Fig. 5 , the χ2 decreases with decreasing ξ and
ncreasing N t . The scale of the fluctuations decreases with increasing

and increasing N t . The relation between the scale of fluctuations
nd ξ is expected because increasing ξ forces the fluctuations to 
e smaller, but the relation between the scale and N t is more
omplicated. A possible explanation is that, with increasing N t , the
argest fluctuations can be spread out o v er multiple time intervals
ather than concentrated in a single interval of t p space. With
pread-out, scaled-down fluctuations, the weighting of the smoothing 
erm goes down and thus the χ2 is better minimized. For ξ =
, the fractional scale of fluctuations is very large, to the point of
eing unphysical. As we discussed in Section 3 , the reconstructed
odels for the test problems with > 20 per cent fluctuations would

rovide poor fits to the light curve when directly integrated with the
lackbody equations (equation 6 ) rather than the linear expansion 
equation 9 ). 

Increasing ξ has the general effect of making the model look more
lamppost-like,’ in that the temperature fluctuations become nearly 
ertical (i.e. fast) outgoing waves with only small radial variations 
long the path of the w ave. This mak es sense, as the observed light
urves are dominated by a lamppost-like signal. One can look at the
= 1000 models in Fig. 5 and the lamppost-like outgo test models
MNRAS 513, 1046–1062 (2022) 
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Figure 5. Temperature maps of NGC 5548 with temporal dimensions of N t = 50, 100, 250, 500 (rows) and smoothing factors of ξ = 1, 10, 100, 1000 (columns). 
Maps with high ξ look lamppost-like, whereas those with low and moderate ξ show significant deviations from the lamppost model in the form of radial and 
ingoing structures. Additionally, maps more densely sampled in time (higher N t ) show more small-scale structure, but still resemble those with lower N t . 
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n Fig. 2 and note the visual similarities. If we were interested in
etter approximating the lamppost model using this method, we could
hange the smoothing model to heavily smooth along these outgoing
ignals and less so in the transv erse direction. Nev ertheless, these
amppost-like inv ersions hav e higher χ2 values and are thus not as
ood at fitting the data. 
The most prominent and striking feature of these models is that

here are coherent ingoing wave patterns in the temperature maps for
= 1, 10, 100, very similar in appearance to the test ingo model

n Fig. 3 . For higher ξ values, the ingoing wave patterns appear
meared out and are no longer discernible. Additionally, when we
ook at increasing N t from 50 to 500, the general patterns still exist
NRAS 513, 1046–1062 (2022) 
or a given ξ , but fluctuations on short time-scales ( ∼1 d) become
ore prominent. If we look at ξ = 10 with N t ranging from 50 to 250,

he temperature fluctuations o v er time seem to repeat with increasing
adius, going from ne gativ e to positive and back. These radial patterns
o v e inward, which in the map, appear to have the same ‘speed’.
ecause the scale of u is logarithmic and time is linear, this means

hat the speed of the pattern is decreasing as it mo v es inwards with a
elocity roughly following v ∝ u . This consequently means that the
ime-scale for radial changes τ ∼ u / v is a constant. 

In Fig. 7 , we examine these ingoing patterns in greater detail.
e o v erlay dashed lines that track the repeated ingoing pattern with

 ∝ u . We also include lines for a lamppost signal moving outward at
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Figure 6. Observed (black) and model light curves of NGC 5548 with N t = 250 and ξ = 1 (red, χ2 / N d = 1.08) and ξ = 1000 (cyan, χ2 / N d = 1.67). 

Figure 7. Temperature maps of NGC 5548 with N t = 250 and ξ = 10, 30, 50, 100. Here, we highlight the patterns that appear prominent in the temperature 
maps. The dashed lines correspond to ingoing patterns with velocity v ∝ u . Each line is separated by 160 d, and the velocity at u = 100 is � 0.01 c . The nearly 
vertical dotted lines around 6700 and 6825 d \ ]8 1qcorrespond to lamppost-like outgoing patterns with v = c . 
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he speed of light, and these closely track the more vertical structures.
he slopes and locations of these lines are chosen by eye and were not
umerically derived. The lines appear to track the general structure 
uite well, though there are more complex features, such as the 
ramatic change in the radial profile between 6725 and 6775 d 
orresponding to a similarly dramatic feature in the light curves 
see Fig. 6 ). The dashed lines are all set to have the same velocity
rofile, with a velocity at u = 100 of roughly 3000 km s −1 � 0.01 c .
his is 0.24 times the orbital velocity at this radius. The lines are
eparated by τ = 160 d (157 d in host rest-frame) which is similar
o the orbital time-scale at u = 100 of τ orb = 168 d. Ho we ver, the
rbital time-scale increases with u as τ orb ∝ u 3/2 , whereas the time-
cales for these ingoing patterns are constant, so similarity to the 
rbital time-scale only exists for a small range of u . In any case, the
epeating banded patterns seen in our models for NGC 5548 are very
nteresting and, as we shall see later, share commonalities with the 
esults for other AGNs. 
 ANALYSIS  OF  OTHER  AGNS  

e repeat our analysis for Fairall 9, Mrk 142, Mrk 110, NGC 4151,
GC 4593, and Mrk 509. In each temperature map for these AGNs,
e only show the solutions for one optimized value of N t , chosen
ased on the time resolution and range of the data. We still show a
ange of ξ solutions to show the effect of smoothing. Because of the
hanging values of λEdd and M BH , the disc regions constrained by
he data depends on the AGN, which is reflected in the vertical axes
f the temperature maps and in Fig. 1 . The logarithmic resolution of
he u -array is the same for all of the AGNs. 

.1 Fairall 9 

n Fig. 8 , we show the temperature maps constructed using N t = 250
nd ξ ranging from 1 to 1000. In Fig. 9 , we show the observed light
urves and the model light curves constructed using ξ = 10. For ξ
MNRAS 513, 1046–1062 (2022) 
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Figure 8. Temperature maps of Fairall 9 with N t = 250 and ξ = 1, 10, 100, 1000. Except at highest ξ , there is evidence for coherent radial structure which 
slowly mo v es radially outwards before mo ving inwards. 

Figure 9. Observed (black) and model (red) light curves of Fairall 9 with N t = 250 and ξ = 10. 
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10, the temperature map pattern of Fairall 9 somewhat resembles
ts light curves: there are coherent radial temperature perturbations
hich mo v e outwards until ∼8400 d and then mo v es back inwards;

n the light curves, the flux drops and rises in a parabola-like curve
round the same times. The slowly varying component of the light
urves was noted in Hern ́andez Santisteban et al. ( 2020 ), who also
ote that this slow component has a lag signal opposite to that of a
amppost signal (i.e. red-leading-blue instead of blue-leading-red),
ut the physical implications of it were not explored in depth. The
ime-scale of these radial changes is the full range of the observed
pochs, around 300 d, which is of order the τ orb for intermediate radii
for Fairall 9, u = 40 corresponds to τ orb = 339 d). These patterns
isappear abo v e ξ = 100, in fa v our of a more lamppost-like model,
imilar to what we see with NGC 5548 in Fig. 5 . Interestingly,
ven at the highest smoothing considered of ξ = 1000, there is a
adial structure between 8450 and 8475 d where below u = 10, the
uctuations are ne gativ e, and abo v e it, the y are positiv e. This should
ot exist in a pure lamppost model, especially for such a long time
nterval compared to the light traveltime at these radii. 

.2 Mrk 142 

n Fig. 10 , we show the temperature maps constructed using N t = 250
nd ξ ranging from 1 to 1000. In Fig. 11 , we show the observed light
NRAS 513, 1046–1062 (2022) 
urves and the model light curves constructed using ξ = 10. Even
t low ξ , there are no obvious coherent patterns or ingoing/outgoing
aves in the temperature fluctuations, although there are prominent

adial fluctuations which change with time. Like the previous cases,
hese radial fluctuations disappear with high smoothing in fa v our of
 lamppost-like pattern. It is worth noting that Mrk 142 is the only
GN in our sample that has an Eddington ratio estimate greater than
nity. Perhaps super-Eddington accretion is the reason it has more
incoherent’ temperature fluctuations than the other sources. 

.3 Mrk 110 

n Fig. 12 , we show the temperature maps constructed using N t =
00 and ξ ranging from 1 to 1000. In Fig. 13 , we show the observed
ight curves and the model light curves constructed using ξ = 10.
imilar to NGC 5548 and Fairall 9, there is clear radial structure
bserved in the ξ ≤ 10 models in the form of alternating positive and
e gativ e temperature fluctuations in radius. These fluctuations mo v e
lowly outwards together, and then reverse near ∼8110 d, moving
nward. In the ξ = 100 model, the o v erall structures are less coherent,
ut the ingoing pattern after ∼8110 d is still visible. It is arguably
till visible in the ξ = 1000 model. Interestingly, the high ξ models
o not appear to resemble the lamppost-like models that we see in
he highly smoothed models of the other AGNs. Using data from
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Figure 10. Temperature maps of Mrk 142 with N t = 250 and ξ = 1, 10, 100, 1000. There seem to be no coherent structures in these maps, but there are some 
radial structures which should not exist in a pure-lamppost model. 

Figure 11. Observed (black) and model (red) light curves of Mrk 142 with N t = 250 and ξ = 10. 

Figure 12. Temperature maps of Mrk 110 with N t = 250 and ξ = 1, 10, 100, 1000. Like Fairall 9 (Fig. 8 ), there is evidence for coherent radial structures which 
slowly mo v e radially outwards before mo ving inwards. 
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ater epochs as well as the ones we use, Vincentelli et al. ( 2021 )
bserve similar longer term variability that is not consistent with the 
amppost model, though they attribute this to be ‘contamination’ by 
he diffuse continuum emission of the BLR. 

.4 NGC 4151 

n Fig. 14 , we show the temperature maps constructed using N t =
00 and ξ ranging from 1 to 1000. In Fig. 15 , we show the observed
ight curves and the model light curves constructed using ξ = 10. 
ompared to the other AGNs, the main structures appear relatively 
table across the full range of smoothing ξ . The most prominent
eature of the map, alternating hot and cold patches between u =
0 and u = 100, appears even with high degrees of smoothing ( ξ =
00). 

.5 NGC 4593 

n Fig. 16 , we show the temperature maps constructed using N t = 100
nd ξ ranging from 1 to 1000. In Fig. 17 , we show the observed light
MNRAS 513, 1046–1062 (2022) 
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Figure 13. Observed (black) and model (red) light curves of Mrk 110 with N t = 250 and ξ = 10. 

Figure 14. Temperature maps of NGC 4151 with N t = 100 and ξ = 1, 10, 100, 1000. Compared to other AGNs, the radial structures are stable to even the 
highest smoothing/ ξ values. 

Figure 15. Observed (black) and model (red) light curves of NGC 4151 with N t = 100 and ξ = 10. 

c  

a  

t  

fl  

s  

o  

p

5

I  

a  

c  

ξ  

fl  

o  

c  

i  

t  

E  

t
 

a  

c  

s  

F  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/1/1046/6567863 by O
hio State U

niversity user on 12 August 2022
urves and the model light curves constructed using ξ = 100. Even
t low ξ , there is no distinct pattern in the temperature fluctuations,
hough it is worth noting that below ξ = 1000, there are radial
uctuations that are not possible in the lamppost model. The data
pan only ∼30 d, which is a much shorter time range than the span
f the data for the other AGNs where we observe more interesting
atterns. 

.6 Mrk 509 

n Fig. 18 , we show the temperature maps constructed using N t = 100
nd ξ ranging from 1 to 1000. In Fig. 19 , we show the observed light
urves and the model light curves constructed using ξ = 10. With
NRAS 513, 1046–1062 (2022) 
≤ 10, we can see the alternating bands of positive and negative
uctuations that shift o v er time. It is not clear if these bands mo v e
utward or inward, as the bands seem to shift relatively quickly
ompared to the ∼50 d periods where they remain stationary. There
s some evidence for an ingoing pattern between 8000 and 8050 d,
hough this pattern is not apparent at higher levels of smoothing.
ven at ξ = 1000, there are still radial fluctuations that do not match

he lamppost model. 
In the highly smoothed ξ = 1000 models of Mrk 509, as well

s in NGC 4151 and NGC 4593, we can see that there is often a
oncentration of radial structure around the ‘middle’ of the radial
pace (the exact radii depend on the AGNs’ physical parameters, see
ig. 1 ). This is likely due to the specifics of the data. As discussed
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Figure 16. Temperature maps of NGC 4593 with N t = 100 and ξ = 1, 10, 100, 1000. There do not appear to be any obvious coherent patterns in any of these 
maps. 

Figure 17. Observed (black) and model (red) light curves of NGC 4593 with N t = 100 and ξ = 10. 

Figure 18. Temperature maps of Mrk 509 with N t = 100 and ξ = 1, 10, 100, 1000. In the ξ = 1, 10 cases, there is evidence for ingoing radial structure from 

8000 to 8050 d, but it is smoothed out at higher ξ values. 

Figure 19. Observed (black) and model (red) light curves of Mrk 509 with N t = 100 and ξ = 10. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/1/1046/6567863 by O
hio State U

niversity user on 12 August 2022
MNRAS 513, 1046–1062 (2022) 

art/stac888_f16.eps
art/stac888_f17.eps
art/stac888_f18.eps
art/stac888_f19.eps


1058 J. M. M. Neustadt and C. S. Kochanek 

M

e  

A  

W  

c

6

W  

u  

fi  

l  

s  

d  

o  

s  

n
�  

t  

b  

l  

b
 

r  

e  

o  

s  

h  

s
 

d  

w  

p  

a  

o  

a  

p  

t
 

t  

(  

o  

v  

2  

t  

a  

t  

l  

l
 

k  

c  

a  

s  

p

F

w  

w

S

w  

i  

w

A

w

A  

t  

s  

w  

l  

N  

s  

(
 

w  

i  

f  

w  

e  

t  

δ  

a  

n  

r
 

t  

s  

o  

N  

t  

w  

d  

d  

d
 

d  

a  

d  

T  

a  

w  

a  

t  

s  

c  

l  

w
 

t  

c  

a  

t  

t  

c  

e  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/1/1046/6567863 by O
hio State U

niversity user on 12 August 2022
arlier, there are only Swift data for these objects, whereas other
GNs have data in other filters from ground-based observations.
ith only five filters, only a limited radial region of the disc is well

onstrained. 

 DISCUSSION  

e analyse the light curves of NGC 5548 and six other AGNs
sing our model of axisymmetric temperature fluctuations and
nd evidence for temperature fluctuations that do not match the

amppost model. Several of these AGNs, in particular NGC 5548,
ho w e vidence for slo w ingoing and outgoing waves. While the
etails of the fluctuation patterns differ between AGNs and depend
n the degree of smoothing, there are some commonalities. The
tructures often appear as radial bands with alternating positive and
e gativ e temperature fluctuations. These bands mo v e slowly (i.e. v 
c ) inward or outward o v er time, though there are times where

he bands will mo v e relativ ely quickly while still maintaining the
anded structure. Interestingly, these bands frequently have similar
ogarithmic radial width of order 0.3 dex not just for a given AGN,
ut for the different AGNs. 

As we increase the smoothing, the signals increasingly look like
apid ( v ∼ c ) outgoing waves – the lamppost model. This is to be
xpected since the light curves do resemble time-shifted versions
f each other with the longer wavelengths varying later than the
horter wavelengths by typical light traveltimes. Ho we ver, these
eavily smoothed models are also poorer fits to the data and still
how structure beyond a pure lamppost model. 

In these inversion problems, structures can be driven by noise in the
ata, and the goodness-of-fit statistic depends on the noise. Ho we ver,
e have tried to ensure that the noise estimates are realistic given the
roperties of the light curves (i.e. inflating the errors when necessary
ccording to the triplet test in Section 2.4 ). We believe that much
f these structures are real. All of the systems show extra structure,
nd much of the structure e xists o v er broad ranges of the smoothing
arameter. Moreo v er, it would be physically unrealistic for additional
emperature fluctuations to be totally absent. 

In fact, most models of the origins of AGN variability invoke
hermal fluctuations near the radii producing the observed photons
e.g. Kelly et al. 2009 ; Dexter & Agol 2011 ) which are probed in
ur models, and certainly in simulations, the discs show significant
ariability at these radii (e.g. Jiang et al. 2019 ; Jiang & Blaes
020 ). As noted earlier, the time-scales of the variability are also
ypical of thermal time-scales at these radii and much longer than
ny characteristic time-scale for the regions near the inner edge of
he disc. So how can the temperature variability be dominated by
ocal thermal fluctuations yet produce light curves that resemble the
amppost model? 

The answer is that the radial smoothing effects of the blackbody
ernel (equations 6 and 9 ) can exponentially suppress the observed
ontributions from slow-moving waves compared to fast waves like
 lamppost signal. Nothing is less washed-out than a lamppost-like
ignal because it is moving at the speed of light. As a simple model
roblem, we consider a wave 

 ( t, r) = A sin ( ωt ± kr) = A sin 

(
ωt ± 2 π

P v 
r 

)
, (24) 

here v = k ω is the phase velocity and P = 2 π / ω is the period. If
e smooth the wave in r with a Gaussian of the form 

( r) = exp 

(
− 1 

2 

[
r − r 0 

εr 0 

]2 )
, (25) 
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here r 0 is the centre of the kernel and εr 0 is the width of the kernel
n terms of the fraction ε of r 0 ( ε is ∼0.6 for equation 9 ), the observed
ave amplitude is 

 exp 

(
− 1 

2 

[
2 πεr 0 

P v 

]2 )
. (26) 

here 

2 πεr 0 

P v 
= 0 . 072 

(
εr 0 

600 R g 

)(
30 d 

P 

)(
M BH 

10 7 M �

)(
c 

v 

)
. (27) 

 wav e mo ving with v � c is going to be exponentially more damped
han a wave moving at v ∼ c . Given a characteristic variability time-
cale of order a month and the M BH of most of these targets, we
ould expect that a lamppost signal/lag is more easily seen in the

ight curves over the slow-moving waves that we see in our models.
ote that the degree of damping depends only on the propagation

peed of the perturbation and not on the direction of propagation
ingoing or outgoing). 

We can also e v aluate this scenario using test problems. In Fig. 20 ,
e synthesize five test scenarios (two of which are the same as those

n Section 3 , and one of which is considered in Appendix A ) – starting
rom a pure slow ingoing wave and then adding a fast (0.1 c ) outgoing
ave of increasing relative strength from 6:1 to 2:1 to 1:1 and then

nding with a pure fast outgoing wave. Below these temperature fluc-
uation maps, we also show the directly integrated differential fluxes
F / F of these test scenarios in the form of colour maps. These fluxes
re calculated as in Section 3 but using a uniform grid in time. We do
ot include errors or noise in the integration, and δF / F is scaled to the
ange –1 to + 1. 

The flux maps for the mixed models closely resemble those of
he pure fast outgoing model even when the slow ingoing wave is
ix times larger in amplitude. This visually illustrates the damping
f the flux contribution from slow waves compared to fast waves.
ote that the problem is even more severe for non-axisymmetric

emperature fluctuations because they are smoothed in azimuth as
ell as radius. This effect provides a natural explanation of how
isc-driven temperature fluctuations and slow-mo ving wav es can
ominate the temperature variability while the light curves are
ominated by a lamppost signal. 
In fact, one could use slow higher amplitude ingoing waves to

rive a lamppost signal. As the ingoing temperature perturbations
pproach the inner radii of the disc, they could create a ‘disc-
riven lamppost’ with the slower time-scales of larger disc radii.
his idea is not dissimilar to the ideas in Lyubarskii ( 1997 , see
lso Koto v, Churazo v & Gilfano v 2001 ; Uttle y & McHardy 2001 ),
here viscosity fluctuations in the outer disc drive changes in the

ccretion rates/luminosity of the inner disc. The disc-driven lamppost
hen irradiates the disc to produce a fast lower amplitude outgoing
ignal. Because of the smoothing properties of the disc, the light
urves are dominated by this secondary signal even though it is a
ower amplitude temperature perturbation than the driving ingoing
ave. 
Moreo v er, longer term variability that cannot be explained by

he lamppost model appears to become more prominent in light
urves with longer temporal baselines, as in the case of Fairall 9
nd Mrk 110 (Hern ́andez Santisteban et al. 2020 and Vincen-
elli et al. 2021 , respectively). This is somewhat expected, in
hat longer time-scales are likely associated with larger physi-
al scales, making the smoothing by the blackbody kernel less
f fecti ve at damping the signal. Because the data used here all
omes from short duration RM programs, they provide little
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Figure 20. Temperature ( δT / T , top) and flux ( δF / F , bottom) maps for various test scenarios. The vertical axis of the δF / F plots gives the wavelength of the 
‘observations’. From left to right, we mo v e from a pure slow ingoing wave to a pure fast outgoing wave. In the 6:1, 2:1, and 1:1 columns, the amplitude of the 
ingoing wave is 6, 2, and 1 times the amplitude of the outgoing wave. δT / T is scaled as in previous figures. δF / F is scaled like the light curve figures with the 
minimum and maximum scaled to –1 and + 1. 
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nformation on the wavelength dependence of longer time-scale 
ariability. 

A good next target for our studies is Mrk 817 using data similar to
hat of NGC 5548 being obtained as part of AGN STORM 2 (Kara
t al. 2021 ). While it is not feasible to obtain light curves further
nto the UV than the Lyman limit, near-IR data would significantly 
 xtend the co v erage to larger radii in future programs. Finally, our
odels could be used on a massive scale to analyse data from the

pcoming Vera C. Rubin Observatory (Rubin; Ivezi ́c et al. 2019 ).
hile the typical cadence of Rubin observations is not ideal for disc

M studies of objects similar to the ones considered here, Rubin can
ikely do good RM studies of higher mass and redshift systems where
he increased size and cosmologically slo wed v ariability compensate 
or the slower observing cadence. The wavelength range spanned 
y Rubin explores a similar radial range to that of the Swift -only
ystems considered here in the sense that the ratio of the minimum
nd maximum filter wavelengths sets the ratio of the inner and outer
adii that can be explored [ u max / u min ∝ ( λmax / λmin ) 4/3 for a thin disc].
erhaps more importantly, Rubin will operate for far longer than 

he RM campaigns considered here and will provide the first well- 
haracterized multiwavelength light curves to explore what happens 
n long time-scales and whether variability on long time-scales looks 
ncreasingly less like a lamppost model. The potential is great since 
ubin will provide potentially useful light curves for hundreds of 

housands to millions of AGNs. 

 ONLINE  SUPPLEMENTARY  MATERIAL  

e include animated versions of the temperature fluctuation maps as 
 function of ξ for the various AGNs. These versions show in finer
etail how the fluctuation patterns and χ2 change as ξ is increased 
and decreased). Because they are animated, they are included only 
s online supplementary material. 
CKNOWLEDGEMENTS  

e thank S. Mathur, P. Martini, and Z. Yu for providing essential
eedback on our work. We thank F. Vincentelli for providing us with
he reduced data for Mrk 110. JMMN and CSK were supported by
SF grants AST-1814440 and AST-1908570. 

ATA  AVAILABILITY  

ll data used in this paper are publicly available. 

EFERENCES  

erkley A. J., Kazanas D., Ozik J., 2000, ApJ , 535, 712 
landford R. D., McKee C. F., 1982, ApJ , 255, 419 
urke C. J. et al., 2021, Science , 373, 789 
ackett E. M., Horne K., Winkler H., 2007, MNRAS , 380, 669 
ackett E. M. et al., 2020, ApJ , 896, 1 
ristiani S., Trentini S., La Franca F., Andreani P., 1997, A&A, 321, 123 
e Rosa G. et al., 2015, ApJ , 806, 128 
exter J., Agol E., 2011, ApJ , 727, L24 
exter J. et al., 2019, ApJ , 885, 44 
delson R. et al., 2015, ApJ , 806, 129 
delson R. et al., 2017, ApJ , 840, 41 
delson R. et al., 2019, ApJ , 870, 123 
ausnaugh M. M. et al., 2016, ApJ , 821, 56 
rank J., King A., Raine D. J., 2002, Accretion Power in Astrophysics, 3rd

edn. Cambridge Univ. Press, Cambridge 
eha M. et al., 2003, AJ , 125, 1 
ehrels N. et al., 2004, ApJ , 611, 1005 
iveon U., Maoz D., Kaspi S., Netzer H., Smith P. S., 1999, MNRAS , 306,

637 
ern ́andez Santisteban J. V. et al., 2020, MNRAS , 498, 5399 
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igure A1. Input (black) and model (red) light curves for the ingo (slow ingoing) te
emperature fluctuation patterns. 
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PPENDIX  A:  ADDITIONAL  TEST  CASES  

n Section 3 , we tested our model with two temperature fluctuation
atterns – ingo and outgo . In this Appendix, we show the synthetic
nd reconstructed light curves for the ingo pattern in Fig. A1 , which
as omitted from Section 3 . 
We also test an additional two patterns: in-and-out , where we

ombine the ingo pattern and the outgo pattern such that the
mplitude of the ingo is twice that of the outgo , and bumps , where
emperature fluctuations are placed at arbitrary points in radius
nd time on top of the ingo pattern. The input and reconstructed
emperature fluctuation patterns for in-and-out and bumps are shown
s Figs A2 and A3 , respectively, and the synthetic and reconstructed
ight curves are shown as Figs A4 and A5 , respectively. 

The purpose of these additional two e x ercises is to show how
ell our model reconstructs test fluctuations in spite of potentially
eculiar fluctuations – like the bumps model. Furthermore, the in-
nd-out pattern is the same as one of the combination fast outgoing
nd slow ingoing patterns considered in Section 6 . 
st pattern with N t = 100 and ξ = 10. See Fig. 3 for the input and reconstructed 
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Figure A2. Input and reconstructed temperature maps for the in-and-out test pattern with N t = 100 and ξ = 1, 10, 100, 1000. 

Figure A3. Input and reconstructed temperature maps for the bumpy test pattern with N t = 100 and ξ = 1, 10, 100, 1000. 

Figure A4. Input (black) and model (red) light curves for the in-and-out test pattern with N t = 100 and ξ = 10. 
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Figure A5. Input (black) and model (red) light curves for the bumpy test pattern with N t = 100 and ξ = 10. 
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